Larger testes are considered the quintessential adaptation to sperm competition. However, the strong focus on testis size in evolutionary research risks ignoring other potentially adaptive features of testicular function, many of which will also be shaped by post-mating sexual selection. Here we advocate a more integrated research programme that simultaneously takes into account the developmental machinery of spermatogenesis and the various selection pressures that act on this machinery and its products. The testis is a complex organ, and so we begin by outlining how we can think about the evolution of testicular function both in terms of the composition and spatial organisation of the testis ('testicular histology'), as well as in terms of the logical organisation of cell division during spermatogenesis ('testicular architecture'). We then apply these concepts to ask which aspects of testicular function we can expect to be shaped by post-mating sexual selection. We first assess the impact of selection on those traits most strongly associated with sperm competition, namely the number and kind of sperm produced. A broad range of studies now support our contention that post-mating sexual selection affects many aspects of testicular function besides gross testis size, for example, to maximise spermatogenic efficiency or to enable the production of particular sperm morphologies. We then broaden our focus to ask how testicular function is affected by fluctuation in sperm demand. Such fluctuation can occur over an individual's lifetime (for example due to seasonality in reproduction) and may select for particular types of testicular histology and architecture depending on the particular reproductive ecology of the species in question. Fluctuation in sperm demand also occurs over evolutionary time, due to shifts in the mating system, and this may have various consequences for testicular function, for example on rates of proliferation-induced mutation and for dealing with intragenomic conflict. We end by suggesting additional approaches that could be applied to study testicular function, and conclude that simultaneously considering the machinery, products and scheduling of spermatogenesis will be crucial as we seek to understand more fully the evolution of this most fundamental of male reproductive traits.
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I. INTRODUCTION (1) Beyond relative testis size
Despite its importance for reproduction and fertility, we still know surprisingly little about the evolutionary ecology of testicular function. While reproductive and developmental biologists are making substantial progress in understanding spermatogenesis in a number of model species (e.g. Fuller, 1998; Kerr, Loveland & O'Bryan, 2006; White-Cooper, Doggett & Ellis, 2009; Cheng & Mruk, 2010; White-Cooper & Bausek, 2010) , we often lack an ecological and evolutionary context in which to interpret these findings. Conversely, we generally know little about spermatogenesis in the diverse range of non-model organisms that tend to be the subject of evolutionary and ecological research on male reproductive investment and sperm competition. In part this results from a strong emphasis in the sperm competition literature on the size of the testes relative to body size (i.e. 'relative testis size'; a glossary of key terms is provided in Table 1 ) as a proxy measure of male investment in sperm production. We begin by explaining the rationale for such an approach. Mathematical sperm competition models attempt to predict how males should optimally allocate a fixed reproductive energy budget between ejaculate production versus effort in gaining matings (e.g. Parker et al., 1996 Parker et al., , 1997 Parker, 1998; Parker & Ball, 2005; Parker, Lessells & Simmons, 2013) . In broad terms, these models predict that as the level of sperm competition in a population increases, so too should the proportion of resources males expend on ejaculate production. In order to test this now well-supported prediction, many comparative studies have used relative testis size as a means of capturing variation between species in sperm production, assuming that relative testis size and sperm production are strongly correlated (reviewed in Parker et al., 1997; Parker & Pizzari, 2010) . In addition, experimental evolution studies in dung flies, fruit flies and dung beetles have demonstrated divergence in testis size under different sperm competition conditions (Hosken & Ward, 2001; Pitnick et al., 2001; Simmons & GarciaGonzalez, 2008 ; but see Crudgington et al., 2009; Firman & Simmons, 2010) . These comparative and experimental evolution studies thus provide powerful support for sperm competition theory.
However, we emphasise that in most cases what was measured in these and similar studies is not sperm (or ejaculate) production rate per se, which is the trait that models assume to be the true target of selection under purely numerical sperm competition, but rather an assumed proxy for sperm production, i.e. relative testis size. The assumption that relative testis size strongly correlates with sperm production may often be justified as a first approximation, and many interesting insights have been gained from the use of this proxy measure. But we feel that many researchers tend to be overly confident about the strength of this relationship, which has been properly investigated for only a few study organisms. So whilst relative testis size will likely continue to be a useful means of estimating male investment in sperm production in many cases, we wish to highlight in this review that focusing solely on this trait risks ignoring other potentially adaptive features of testicular function affected by sperm competition and thus might ultimately hinder our attempts to understand how sexual selection shapes the evolution and function of this fundamentally important organ. We therefore advocate a more integrated research programme that explicitly takes into account the biology of spermatogenesis, in terms of its histological organisation within the testis and the logical architecture of cell division supporting testicular maintenance and gamete formation. Because of the importance of these concepts to the remainder of the review, in the following two sections we first provide a general description of what we mean by testicular histology and testicular architecture.
(2) Histological organisation of the testis
The testis is an epithelial tissue incorporating both germ cells and somatic cells. Depending on the organismal group, the contribution of the latter can either be fairly minimal or can comprise a whole range of different cell types that variably provide an envelope, a vascular system, endocrine function (e.g. Leydig cells), and a supportive cellular environment (e.g. Sertoli cells), in which the germ cells divide and differentiate in the process of spermatogenesis. The germline cells can be subdivided according to the three different stages of spermatogenesis, as shown in Fig. 1A : (i) a pre-meiotic or spermatocytogenesis stage, during which spermatogonia (i.e. testicular stem cells, depicted in green) undergo asymmetric Widely employed as a measure of male investment in sperm production, and as a likely index of sperm competition level (but see main text). Can be calculated in various ways, e.g. as a pure percentage of body volume occupied by the testis, or preferably as residual testis mass (or some index derived from it) that takes into account the scaling of testis size with body size. Spermatogenesis
The process through which male gametes are produced in the testis (see Fig. 1 ).
Spermatogenesis kinetics
The study of the timing of spermatogenesis, which in vertebrates involves studying the predictable spatial arrangements of germ cells within the seminiferous epithelium as spermatogenesis proceeds, enabling the calculation of the seminiferous epithelium cycle length (SECL), from which the duration of spermatogenesis can be estimated.
Spermatogenic efficiency
Various definitions exist, all of which capture aspects of how productive the testis is, e.g. in terms of (i) the amount of spermatogenic tissue for a given unit testis size, (ii) the amount of sperm produced by a given size unit of spermatogenic tissue, or (iii) the number of mature spermatozoa that result from a spermatogonial cell division or, in vertebrates, per Sertoli cell.
Spermatogenic tissue
Not all of the testis is involved in making sperm, so a distinction is drawn between spermatogenic (i.e. sperm-producing) tissue and non-spermatogenic tissue (sometimes called interstitial tissue) -see Fig. 1 for explanation of the main cell types found within the testis. Spermatozoa/sperm
The mature male gametes, which develop from: Spermatogonia Testicular stem cells that undergo asymmetric mitotic divisions in order to maintain a self-renewing stem cell population and produce cells committed to differentiation. Spermatocytes First (or primary) spermatocytes are the end-product of mitotic expansion that then undergo two rounds of meiotic cell division to produce haploid spermatids.
Spermatids
The haploid cells that are the end-product of meiosis, and which differentiate to become mature spermatozoa.
Sperm morphology
Often used to be synonymous with sperm design and sperm morphometry, but we recommend that the term be used as a more general term to encompass both radical qualitative variation (sperm design) and more nuanced quantitative variation (sperm morphometry): Sperm design Radical qualitative changes in (usually) multiple aspects of sperm morphology. Exhibits wide interspecific variation.
Sperm morphometry
Quantitative variation in sperm parameters, such as changes in the relative dimensions of different sperm components (e.g. head, midpiece, tail, etc.). Exhibits wide interspecific variation, and often also exhibits considerable intraspecific variation.
Testicular histology
The morphological organisation of cells within the testis -see Section I.2.
Testicular architecture
The logical organisation of cells within the testis and their pattern of division -see Section I.3. mitotic divisions, thus maintaining a self-renewing stem cell population and producing daughter cells committed to differentiation and often going through several rounds of symmetric mitotic divisions (mitotic expansion) resulting in first (or primary) spermatocytes (orange); (ii) a meiotic stage, during which spermatocytes undergo the two rounds of meiotic cell division to produce haploid spermatids (yellow); and (iii) a post-meiotic or spermiogenesis stage, during which spermatids undergo (often highly complex) differentiation to become mature spermatozoa (blue) (Roosen-Runge, 1977; Kerr et al., 2006; Ramm & Stockley, 2010; White-Cooper & Bausek, 2010) . The germline cells themselves are often highly organised spatially within the testis [e.g. Fig. 1B , C, although there are notable exceptions, e.g. chaetognaths (Shinn, 1997) ]. Variations even on this general theme are possible, with, for example, self-renewing spermatogonia being maintained by a stochastic rather than an asymmetrical division model in mouse (Klein et al., 2010; Yoshida, 2012) or with mitosis replacing meiosis in some insects with haploid males (Normark, 2009) . Moreover, within each of these stages there is wide interspecific (and sometimes intraspecific) diversity. This diversity currently lacks a comprehensive evolutionary explanation, although we argue herein that much of it has likely been shaped by post-mating sexual selection. To illustrate the kind of variation we are talking about, two examples are depicted in Fig. 1A . First, an increase in the number of rounds of mitotic cell divisions to generate first spermatocytes (more in the top half, fewer in the bottom half of the panel -see also Section I.3), could, for example, result from selection for a higher sperm production rate due to sperm competition, and would be expected to result in different ratios of cell types in a histological section of the testis. Second, selection on longer sperm cells, possibly as a result of coevolutionary changes in female reproductive tract morphology, would likely mean that each sperm takes longer to make, leading to an increase in the duration of spermiogenesis (longer in the top two sperm, shorter in the bottom two sperm). These and other aspects of testicular function affected by post-mating sexual selection are discussed in detail in Sections II and III. The three main stages of spermatogenesis: (i) spermatocytogenesis, (ii) meiosis, and (iii) spermiogenesis, including the illustration of two major sources of variation. First, the number of mitotic divisions during spermatocytogenesis, depicted here as n = 5 rounds of mitotic expansion after the initial spermatogonial division in the (incomplete) upper half of the panel, but only n = 3 rounds for the lower half of the panel (in both cases producing 2 n first spermatocytes). The subsequent steps of spermatogenesis are shown for a single first spermatocyte (circled in red). Note that the cells in the same clone of first spermatocytes usually stay connected by cytoplasmic bridges until the end of spermiogenesis. Second, the duration of spermiogenesis, represented by t 1 for the (long) upper two sperm and t 2 for the (short) lower two sperm (see detailed description in Section I.2). (B) A generalised depiction of spermatogenesis in mammals: bm, basal membrane; es, elongating spermatid; rs, round spermatid; sc, spermatocyte; se, Sertoli cell; sg, spermatogonium. The inset shows the tubular arrangement in a testis cross section, with interstitial tissue (i) between adjacent tubules, part of which is drawn in detail in the main panel. Redrawn from Roosen-Runge (1977) . (C) A generalized depiction of spermatogenesis in the testicular tip of drosophilid flies: es, elongating spermatids; fs, first spermatocytes; gsc, germline stem cells; hc, hub cells; ms, meiotic spermatocytes; rs, round spermatids; scc, somatic cyst cells; ssc, somatic stem cells; tc, transit cells. Redrawn from Schärer et al. (2008) and http://flyted.zoo.ox.ac.uk.
(3) Testicular architecture
A complementary approach to considering testicular function is to focus not on its histology, but instead on the logical organisation of its cells and their hierarchical relationships. Recent evolutionary theory investigates how the function and integrity of a renewing tissue is affected by variation in the logical organisation of its cell types and their division patterns, termed tissue architecture (Frank, Iwasa & Nowak, 2003; Frank & Nowak, 2004; Frank, 2007) . Given that the testis can also be considered a renewing tissue, these theoretical insights are highly relevant to the testis (Schärer, Da Lage & Joly, 2008) , thus requiring consideration of how selection on sperm demand may be reflected in the testicular architecture. Briefly, the production of k differentiated cells requires k−1 cell divisions (if one assumes that no cell death occurs) and can be achieved by very different cellular topologies, including variation in: (i) the number of stem cells (spermatogonia) established when the testis is initially formed; (ii) the rate at which each of these stem cells divides asymmetrically (spermatogonial divisions) to produce daughter cells that become (differentiating) transit cells; and (iii) the number of symmetric (binary) divisions exhibited by these transit cells (number of rounds of mitoses during mitotic expansion before the two meiotic divisions). Some possible topologies are depicted in Fig. 2 (redrawn from Schärer et al., 2008) , all of which lead to one stem cell (spermatogonium, green) and eight differentiated cells (first spermatocytes, orange). These examples show that the testis could in theory respond to selection on altered demand by adjusting its architecture in several different ways. However, given the Spermatogenesis and testicular architecture. Three possible branching topologies that all involve a single spermatogonium (green) producing one daughter stem cell (green) and eight spermatocytes (orange). In (A) this is achieved by just one (asymmetric) stem cell division with several rounds of (binary) transit cell divisions (white); in (B) by the stem cell dividing asymmetrically eight times, and no transit cell divisions; and in (C) by an intermediate topology (see also Section I.3). Note that whilst useful for thinking about the range of possibilities, these different topologies may themselves be an over-simplification of the different patterns of stem and transit cell division actually observed within the testis. Recent experimental evidence argues against a purely asymmetric division model of stem cell self-renewal and differentiation, instead favouring a stochastic division model (see Klein et al., 2010; Yoshida, 2012) . Such stochastic topologies have yet to be modelled in the context of the evolution of tissue architecture.
risk of proliferation-induced mutations -an accumulation of which can affect tissue function and even lead to malignant cell lines -theory suggests that cell divisions in an epithelium should preferably occur in the cell that has so far divided least often, i.e. cells at the tip of the branches (step iii above). The need for differentiated cells in renewing tissues, however, limits the length that these branches can attain: in the testis, in order to reproduce, differentiating transit cells must eventually become differentiated sperm cells. It has been argued that such constraints may actually explain the need for long-lived stem cells in renewing tissues, allowing a shift in the divisions away from step iii to steps i and ii . The establishment of basal stem cells would then in turn have led to selection for adaptations in these stem cells that reduce the risk of acquiring mutations (Cairns, 2006; Frank, 2007; De Rooij, 2011 ). As we outline in this review, there is dramatic variation in testicular architecture, both within and between species, and, again, some of this variation is likely due to post-mating sexual selection.
(4) Scope
In the following we first focus on features of testicular function that are most immediately relevant to two major targets of post-mating sexual selection, namely the number and morphology of sperm produced, both over ecological and evolutionary timescales. We then broaden our focus to consider how testicular function is shaped by variation in sperm demand, first by considering different temporal sperm production schedules over an individual's lifetime, and then by exploring the effects of rapidly fluctuating selection pressures on sperm number and morphology over evolutionary time. We point out how an appreciation of the evolutionary ecology of testicular function links to wider questions in biology, such as testicular cancer, intragenomic conflict and male-biased mutation, and conclude by suggesting additional approaches that should now be applied to study testicular function. Throughout the review, we highlight recent empirical advances and develop a conceptual framework for thinking about testicular function in an evolutionary context. Applying this framework leads to many often novel and empirically untested predictions (summarised in Table 2 ). We limit our attention to the function of the testis; an ultimate accounting for how post-mating sexual selection shapes male reproductive function will also need to incorporate the effects of selection on related male traits such as genitalia and seminal fluid (Hosken & Stockley, 2004; Poiani, 2006; Simmons & Fitzpatrick, 2012; Perry, Sirot & Wigby, 2013) .
II. HOW DOES THE TESTIS MAXIMISE SPERM OUTPUT?
(1) The amount of spermatogenic tissue
The testis contains both spermatogenic and nonspermatogenic tissue, the relative proportions of which can vary widely among species. For example, in one survey of 12 mammal species the percentage of spermatogenic tissue ranged from 32.7% by volume in the woodchuck (Marmota monax) to 92.7% in the degu (Octodon sp.) (Russell et al., 1990) . This means that differences in testis size alone need not necessarily reflect differences in sperm production parameters, which are likely the true target of selection under sperm competition, and similar arguments may well hold for other animal groups. In fact, because much of the non-spermatogenic tissue in the mammalian testis is involved in androgen production (i.e. the Leydig cells of the interstitial tissue), increases in testis mass may sometimes even evolve in response to pre-mating sexual selection on androgen production in the context of aggressive or territorial behaviour. This has been shown for capybara (Hydrochoerus hydrochoeris), where there are positive correlations between residual testis mass and residual size of two androgen-dependent scent glands, but no correlation between residual testis size and the amount of spermatogenic tissue (e.g. Moreira, MacDonald & Clarke, 1997b) , and where testes of adult males on average contain a striking 72% of interstitial tissue (Moreira, Clarke & MacDonald, 1997a) . Moreover, very high proportions of interstitial tissue also occur in other mammal species, such as wild boar (Sus scrofa) and zebra (Equus burchelli) (Fawcett, Neaves & Flores, 1973) . Whilst testicular functions other than sperm production are not the main focus of our review, we want to reiterate that they exist (see review in Stocco & McPhaul, 2006) , and that this is bound to complicate the relationship between testis size and sperm output. The first studies systematically to investigate the relationship between mating system and male investment in sperm production, conducted in primates, recognised the difficulty of equating testis size with sperm production. Thus not only did they uncover a strong link between the degree of multiple mating by females and relative testis size (Short, 1979; Harcourt et al., 1981) , but importantly they also established that across six different primate genera, the testis indeed contains both more, and a higher proportion of, spermatogenic tissue in lineages subject to higher levels of sperm competition (Harcourt et al., 1981; but see Møller, 1989) .
Despite these early insights, however, the great majority of subsequent studies in the sperm competition literature have simply assumed that bigger testes have a higher overall spermatogenic activity (discussed in Schärer, Ladurner & Rieger, 2004) , and gone on to establish links between relative testis size and related traits. More recently, there has been a revival of interest in considering the amount of spermatogenic tissue the testis contains. In New World blackbirds (Icteridae) (Lüpold et al., 2009b) , the Australian passerine family Maluridae (Rowe & Pruett-Jones, 2011) , and in four closely related mouse species (Montoto et al., 2012) , those species subject to high levels of sperm competition have been found to exhibit testes containing a higher proportion of spermatogenic tissue. This demonstrates that in order to attain a higher spermatogenic activity, sperm competition can select not only for a larger, but also for a more efficient testis (see also Wistuba et al., 2003; Luetjens, Weinbauer & Wistuba, 2005; and Table 1 for brief discussion of the various definitions of 'spermatogenic efficiency').
(2) The speed of spermatogenesis
The speed of spermatogenesis is known to vary widely across and even within species (Amann, 1970; RoosenRunge, 1977) . The methods that are used to measure it, such as BrdU labelling (see Table 1 ) and other cell proliferation assays, could readily be applied to a range of taxa of evolutionary interest (Schärer et al., 2004 . Recent studies in mammals provide correlative evidence for a role of sperm competition in generating interspecific diversity in spermatogenesis kinetics. Peirce & Breed (2001) conducted a detailed comparison of two Australian rodents differing in sperm competition level. They measured the seminiferous epithelium cycle length (SECL), a measure of the speed with which the spermatogenic tissue in the testis is turning over, which in turn determines the total duration of spermatogenesis (for details see 'spermatogenesis kinetics' in Table 1 ). Peirce & Breed (2001) found that SECL is significantly shorter in the promiscuous plains rat (Pseudomys australis) than in the hopping mouse (Notomys alexis), a species with extremely small testes and low or absent sperm competition (Breed & Adams, 1992) . Similarly, SECL among six shrew species is negatively correlated with relative testis size (Parapanov et al., 2008) . A recent, phylogenetically controlled comparative analysis across 33 mammalian species supports the hypothesis that sperm competition drives faster rates of spermatogenesis: after controlling for differences in sperm size (see Section III.1), there is a negative correlation between inferred levels of sperm competition and SECL (Ramm & Stockley, 2010) .
(3) Sperm production plasticity
Many animals can adjust sperm production according to environmental cues indicative of the expected level of sperm competition. Among invertebrates, various sperm production traits respond to factors including larval density or social group composition (e.g., Gage, 1995; Oppliger, Hosken & Ribi, 1998; Stockley & Seal, 2001; Tan, Govedich & Burd, 2004; Bjork, Dallai & Pitnick, 2007) . For example, in the flatworm Macrostomum lignano worms raised in larger social groups have larger testes (Schärer & Ladurner, 2003; Brauer, Schärer & Michiels, 2007) , a heightened testicular cell proliferation activity (Schärer et al., 2004) , and produce more sperm (Schärer & Vizoso, 2007) . Furthermore, given that sperm production in large social groups is higher per unit testis size, other sperm production parameters, such as the speed of spermatogenesis or the size of the produced sperm (but see Janicke & Schärer, 2010) , may also vary in response to social conditions (Schärer & Vizoso, 2007) .
Vertebrate studies also indicate plastic responses to sperm competition. Testis size variation is associated with relevant temporal or geographic variation in birds and mammals (Ribble & Millar, 1992; Brown & Brown, 2003; Long & Montgomerie, 2006) , and experimental evidence of phenotypic plasticity in sperm production in response to social cues of sperm competition risk has now been found in house mice (Mus musculus domesticus) (Ramm & Stockley, 2009 ). Again, this result was not entirely attributable to changes in testis size, demonstrating the need to examine additional aspects of testicular function.
III. WHAT KIND OF SPERM IS REQUIRED?
(1) Sperm morphology and spermatogenesis Sperm display extraordinary morphological diversity (Pitnick, Hosken & Birkhead, 2009 ), much of which may be due to post-mating sexual selection and sexual conflict (e.g. Miller & Pitnick, 2002; Fitzpatrick et al., 2009; Schärer et al., 2011; Higginson et al., 2012) . The point we wish to emphasise here is that all sperm of course originate from undifferentiated spermatogonial stem cells, so sperm with different morphologies may place vastly different demands on the machinery of spermatogenesis.
The most compelling link between sperm morphology and testicular function comes from Drosophila. Many species of this genus produce giant sperm, reaching an extreme in the 58 mm long sperm of D. bifurca (Pitnick, Spicer & Markow, 1995b) . The cost of producing such long sperm is substantial and morphologically well reflected (Pitnick & Markow, 1994; Pitnick, Markow & Spicer, 1995a) , necessitating both longer testes (Pitnick, 1996) and specialised sperm-processing and storage structures (Joly, Luck & Dejonghe, 2008) . Moreover, the spermatid elongation phase for the ca. 2 mm sperm of D. melanogaster takes less than 2 days, whereas it takes 12 days for the 23 mm long sperm of D. hydei (see Pitnick, 1996) . Sperm length also strongly correlates with testicular architecture, in that species exhibiting longer sperm have fewer rounds of mitosis and consequently fewer first spermatocytes; so far fewer sperm result from each spermatogonial division compared to species with shorter sperm (Schärer et al., 2008) .
Even for species groups with less extreme variation in sperm morphology, some of the same principles are likely to hold. For example, the importance of sperm morphology for testis morphology has recently been investigated in birds, with Lüpold et al. (2009b) finding that both relative testis size and sperm length covary positively with seminiferous tubule width in New World blackbirds (Icteridae). This is apparently a direct effect of increasing sperm size causing an increased height of the seminiferous epithelium (Lüpold et al., 2009b ), a conclusion supported by the absence of a positive effect of relative testis size on seminiferous tubule width in Old World Warblers (Sylvidae), a group in which sperm competition apparently selects for shorter rather than longer sperm .
Sperm morphology also affects the speed of spermatogenesis in other taxa, for example among Caenorhabditis elegans strains differing in sperm size (LaMunyon & Ward, 1998) . In mammals, a recent interspecific comparative analysis suggests positive, correlated evolution of sperm length with the seminiferous epithelium cycle length, SECL (Ramm & Stockley, 2010) . Such links between sperm size and the speed of spermatogenesis suggest one mechanism through which an evolutionary trade-off between sperm size and number -a core assumption of many sperm competition models -may be mediated (Pitnick, 1996; Ramm & Stockley, 2010) . Moreover, given the drastic variation in sperm design among species (Pitnick et al., 2009; Schärer et al., 2011) , we can similarly expect that morphologically more complex sperm will require a longer spermatogenesis, but we are unaware of studies that specifically investigate this. It may also be interesting to turn this question around, and ask how constraints on testis morphology might limit or shape the response of sperm morphology to post-mating sexual selection (Gomendio, Tourmente & Roldan, 2011).
(2) Variation and plasticity in sperm morphology within species
In intraspecific studies a recurring pattern is for sperm morphometry to differ substantially among individuals but relatively little within individuals, both in species with separate sexes (Ward, 1998; Morrow & Gage, 2001 ) and in hermaphrodites (Minoretti & Baur, 2006; Janicke & Schärer, 2010) . To elucidate the origin of these patterns comparative analyses in different bird groups have suggested that betweenindividual variation in sperm size is most pronounced in species subject to low levels of sperm competition, probably due to relaxed selection on an optimal sperm morphometry and so too presumably on other aspects of spermatogenesis (Birkhead et al., 2005; Calhim, Immler & Birkhead, 2007; Kleven et al., 2008; Lüpold, Linz & Birkhead, 2009a) . Moreover, there may also be a role for post-mating sexual selection in explaining patterns of within-individual variation in sperm morphometry, since bird species subject to high levels of sperm competition are also those that show the lowest levels of standardised within-individual variation in sperm size (Immler, Calhim & Birkhead, 2008) , which has led to the suggestion that sperm competition may select for enhanced quality control during spermatogenesis (see also Lüpold et al., 2011) .
However, caution may be needed in interpreting these results about between-and within-male variation in sperm size, since it is not always clear what the null hypothesis should be. When considering how sperm competition impacts on sperm variability, one needs to take into account the fact that the level of sperm competition and sperm length often co-vary Pitnick et al., 2009) . Thus one needs to ask how variation in sperm length is expected to change with sperm length. Two contrasting scenarios are that (i) variation stays constant with changes in sperm length (i.e. the testicular machinery has a limited but constant accuracy to regulate the rate and/or timing of material deposition involved in sperm elongation), or conversely that (ii) the variation scales linearly with sperm length (i.e. the accuracy of the testicular machinery is a linear function of sperm size). Note that intermediate scenarios are of course also possible. In the former scenario, which we consider somewhat more likely given that longer sperm take longer to make, the coefficient of variation in sperm length would necessarily become smaller in larger sperm, but such an effect (D) (C) (B) (A) Fig. 3 . Different patterns of sperm demand over time and consequent sperm production schedules. The figure illustrates four generic sperm demand scenarios, (A) a species with a single mating season (semelparity); (B) a species with multiple mating seasons (seasonal iteroparity), interspersed with periods of low sperm demand; (C) a species that breeds continuously upon attaining sexual maturity; and (D) a species in which there is a temporal separation between sperm production (red) and sperm use (blue). The evolutionary consequences of these different production schedules are considered in detail in Section IV.
would not necessarily represent selection for an increased accuracy. In the latter scenario, which seems biologically less likely, the null hypothesis would be that the coefficient of variation does not change with sperm size, and this is what the outlined studies have actually tested. Moreover, the extensive evidence for large between-individual and small within-individual differences (see previous paragraph) actually suggests that consistently making sperm of a specific length is not so hard (and that stabilising selection on a particular sperm length is not so strong). Unfortunately, how these differences in sperm length and variation originate and how they are reflected in testis morphology or architecture remains essentially unknown. We hope that the patterns of variation in sperm size will be revisited in the light of these additional considerations.
In addition to the sperm production plasticity described in Section II.3, a number of recent studies indicate that sperm morphometry itself can be a phenotypically plastic trait (e.g. Crean & Marshall, 2008; Morrow, Leijon & Meerupati, 2008; Vermeulen et al., 2009; Immler et al., 2010 ; but see Janicke & Schärer, 2010) . This implies that males may sometimes adjust the machinery of spermatogenesis to prevailing environmental conditions, but the precise changes in testicular function required to produce different sperm morphologies, as well as in many cases the adaptive value of this variation (but see Crean & Marshall, 2008) , remain to be investigated.
IV. WHEN ARE SPERM NEEDED?
The evolution of testicular function is also likely to be affected by how life history and ecological parameters of a given species affect the temporal requirements for sperm production.
(1) Seasonality and fluctuating sperm demand An organism with a single short mating season, or a single mating event (Fig. 3A) , needs all its sperm to be mature at the same time, and spermatogenesis may therefore occur in synchrony within the entire testis. Spermatogonial divisions would likely occur well before the mating event, followed by many rounds of mitosis (since the clear endpoint does not put strong constraints on the branch length of testicular architecture) and then meiosis and spermiogenesis may occur relatively close to the (expected) time of mating. Such a testis would, at any specific time point, lack many of the stages that are normally present simultaneously. It may thus have a high sperm production for its final size (i.e. a high spermatogenic efficiency), change drastically in size over the season, and have relatively few spermatogonia (most of the amplification happens at the transit cell stage). An interesting taxonomic group in which to explore this could be fishes, where such data are available for a range of species and where there appears to be substantial variation in branch lengths (e.g. Fishelson, 2003) , or broadcast-spawning marine invertebrates with mass-spawning events.
Moreover, we can expect a radically different testicular organisation when such an organism is semelparous versus iteroparous. In the former case (Fig. 3A) , protection from malignant cell lines is of little concern for the lifetime reproductive success of the individual (although malignant cells may of course affect spermatogenic efficiency) and we would therefore expect to find obvious signs of proliferationinduced damage and widespread loss of stem cell function once the testis has matured. In the latter case (Fig. 3B) , the survival of the individual to the next mating season is crucial for its lifetime reproductive success; we would thus expect a low incidence of malignant cell lines, and the presence of at least some well-protected stem cells that retain their function after the seasonal testis maturation, which are then later recruited to reinitiate spermatogenesis for the next mating season.
Next we can contrast the above scenarios with a species that needs to produce a fairly constant supply of sperm once it reaches maturity (Fig. 3C) . Here, the constant demands for having differentiated sperm would likely put a constraint on the lengths of the transit cell branches of the testicular architecture (i.e. a reduced mitotic expansion), leading to fewer spermatocytes per spermatogonial division, and thus requiring more spermatogonia or more spermatogonial divisions (i.e. a high stem cell activity) to maintain a high sperm production rate. Shifting the proliferation load onto the spermatogonial stem cells may require efficient mechanisms to control the appearance of malignant cell lines Cairns, 2006) . Given the highly variable and rapidly changing selection regimes that sperm competition places on sperm production, we can expect that proliferation-induced damage is an important aspect of testicular function (see Section V.1).
(2) Temporal separation of sperm production and sperm use
If the ability to produce sperm is constrained during the mating season, for example due to severe energy demand for brood care or territorial defence, then it may be advantageous to shift production to well ahead of time, and to retain already matured sperm in storage until the mating season (Fig. 3D ). This in turn may require special adaptations to protect sperm from oxidative stress (Almbro, Dowling & Simmons, 2011) , and it has been suggested that testicular melanisation (i.e. the incorporation of pigments into the tissues of the testis) might have this function (Zieri, Taboga & De Oliveira, 2007; Galvan, Møller & Erritzøe, 2011) (although this has also been suggested to be linked to thermoregulation of spermatogenesis in a lizard that shows a striking pattern of unilateral testicular melanisation; Guillette, Weigel & Flater, 1983) . A case in point is the three-spined stickleback (Gasterosteus aculeatus), where sperm are made several months before the mating season and stored in the testis (Borg, 1982; Zbinden, 2001) , where the testis is strongly melanised (Mehlis et al., 2012) , and where brood care and territorial defence are very energy demanding (Smith & Wootton, 2005) . If this scenario is correct, testicular melanisation might be correlated with the amount of pre-mating sexual investment. Other interesting systems worthy of investigation in the context of extended sperm storage include snakes such as the adder Vipera berus, in which sperm production occurs during an immobile phase prior to the breeding season (Olsson, Madsen & Shine, 1997) , and bats, some of which store sperm for prolonged periods in both the male and female reproductive tract (Racey, 1979) .
(3) Sperm heteromorphism
A final interesting aspect of sperm production schedules concerns so-called sperm heteromorphic species (e.g. some insects, gastropods, spiders, centipedes and fish), where the same testis produces more than one type of sperm (Hodgson, 1997; Swallow & Wilkinson, 2002; Hayakawa, 2007) . In the case of a fertilising and a non-fertilising (e.g. anucleate) sperm morph, one might predict that the risk of accumulating mutations in the testicular stem cell population would favour a 'fertilising sperm first' production schedule, whilst the testis is in optimal functional condition. Alternatively, if such sperm would then need to remain in storage for a long period prior to use, negative effects of sperm senescence might predominate (Reinhardt, 2007; Pizzari et al., 2008) , favouring the production of 'non-fertilising sperm first' production schedules. The testis of lepidopteran males (which often have a very short lifespan after emergence as adults) produce first eupyrene (fertilising) and then apyrene (nonfertilising) sperm (Friedländer, 1997) . By contrast, eupyrene and apyrene sperm are produced concurrently in gastropods (Hodgson, 1997) and production of multiple fertilisationcompetent sperm morphs also occurs concurrently (although separated spatially) in Diptera and Hemiptera (Swallow & Wilkinson, 2002) .
V. WHAT ARE THE EFFECTS OF VARIABLE SELECTION?
The testis is special in that it is arguably exposed to some of the most variable and fluctuating selection pressures among all organ systems, as the demands for the total amount of sperm produced (and their specific morphology) often change rapidly with shifts in the mating system and resulting postmating sexual selection (e.g. Harcourt et al., 1981; Parker et al., 1997; Schärer et al., 2011; Higginson et al., 2012) . These strong and fluctuating selection pressures of postmating sexual selection may be relevant to explaining why the testis appears to be a common site of expression for novel genes (Nurminsky et al., 1998; Loppin et al., 2005; Levine et al., 2006; Heinen et al., 2009) . For example, one hypothesis suggests that the testis is a common source of novel genes because of the unusually 'permissive' environment provided for the transcription of new genes during spermatogenesis (the 'out of the testis' hypothesis: Kaessmann, 2010) , which may also help explain why there are so many more genes with testis-compared to ovary-specific expression (Reinke et al., 2000; Parisi et al., 2004; Chintapalli, Wang & Dow, 2007; Haerty et al., 2007; R. Arbore, K. Sekii, C. Beisel, E. Berezikov & L. Schärer, in preparation) . In the following we discuss how the strong and fluctuating selection pressures make it difficult for the testis to evolve optimal solutions to deal with two specific problems, namely proliferationinduced mutations and intragenomic conflict, which may help to explain why the testis is so 'permissive'.
(1) Proliferation-induced mutations
The testis often has a high cell proliferation rate (both in absolute terms and compared to the ovary) leading to a considerable risk of proliferation-induced mutations during spermatogenesis. This risk may nevertheless have to be tolerated, owing to the need to achieve high rates of sperm production under sperm competition (Blumenstiel, 2007) , and it has been argued that this is an important source of male-biased mutation (Bartosch-Härlid et al., 2003; Ellegren, 2007) . The limited data available testing whether life-history parameters, such as rates of extra-pair paternity or relative investment in sperm production, predict the degree of male mutation bias have so far provided mixed results. The largest scale study to date found no link between the degree of male mutation bias and male investment in sperm production (measured as the testis-by-body mass ratio: Wilson see also Møller & Cuervo, 2003) , whereas studies focused on more closely related species groups have tended to support a potential link (Bartosch-Härlid et al., 2003 in birds; Presgraves & Yi, 2009 in great apes). Clearly many additional factors (e.g. generation time) could affect male mutation bias estimates, making comparisons across taxa far from straightforward, and currently no firm conclusions can be drawn . Moreover, recent evidence also indicates that in some cases the testis is not simply a passive vessel in which de novo mutations arise and are transmitted. Instead, some mutations may actually be actively selected at the level of the spermatogonia, as they provide a proliferative advantage to the spermatogonia in which they arise. A strong selective advantage of that kind would likely lead to testicular cancer, but if the advantage is sufficiently weak it may lead to the spread of such a mutation, unless there are negative pleiotropic effects, which is the context in which the currently known genes of this kind have actually been identified (e.g. Qin et al., 2007; Arnheim & Calabrese, 2009 ).
As we have argued above, proliferation-induced mutation risk may be partially controlled by having an appropriate testicular architecture. One important insight from the models is that mutation rates should be lower in stem cells (spermatogonia) than in transit cells (spermatocytes and spermatids), because transit cell mutations 'wash out' of the system, while mutations in stem cells may lead to all subsequent progeny of that cell carrying the mutation in question Nowak, Michor & Iwasa, 2003) . We could therefore expect that keeping the stem cells free of mutations would usually be more important than preventing mutations in some of the sperm, even if these are then inherited to some offspring.
Given this scenario it is therefore crucial to understand whether the testis reacts to an increased sperm demand by producing more (mutation-protected) stem cell divisions, or by increasing the number of (mutation-prone) spermatocyte divisions and thus increasing the branch lengths of the tissue architecture. If it occurs via the latter mechanism, which seems at least sometimes to be the case given the extensive variation in transit cell branch length in the Drosophilidae (Schärer et al., 2008) , this preference for mutations that 'wash out' could contribute substantially to the male mutation rate (as limited haploid gene expression may in fact mask these mutations from selection, see also Section V.2). Moreover, periods of increased demand for sperm production may lead to the spread of alleles that lead to an increased (testicular) proliferation rate and cellular growth, even if these have harmful pleiotropic effects on cell proliferation in the context of cancer (Crespi & Summers, 2005; Kleene, 2005) , which may also help to explain some unusual gene expression patterns in spermatogenesis (Kleene, 2005; White-Cooper et al., 2009; White-Cooper & Bausek, 2010) .
(2) Intragenomic conflict
Spermatogenesis can lead to intragenomic conflict between the diploid father and its haploid sperm (Haig & Bergstrom, 1995; Joseph & Kirkpatrick, 2004; Immler, 2008; Higginson & Pitnick, 2011) . While the father is equally related to all of his sperm, in diploid species sperm on average share only half of their alleles with any given sibling sperm. An allele that permits a sperm to outcompete sibling sperm may therefore have a transmission advantage, as evidenced by some well-known meiotic drive systems (e.g. the t-haplotype in mice and Segregation Distorter in Drosophila: Joseph & Kirkpatrick, 2004; . Two traits of spermatogenesis have been suggested to limit the time window for such genomic conflict to emerge, namely postmeiotic condensation and packaging of nuclear material (reducing the possibility for haploid gene expression), and the maintenance of cytoplasmic bridges connecting the developing spermatids (leading to sharing of expression products, thus making these haploid cells essentially phenotypically diploid: Erickson, 1973; Haig & Bergstrom, 1995) .
Interestingly, there is now accumulating evidence for at least some haploid expression (Joseph & Kirkpatrick, 2004; Barreau et al., 2008; Vibranovski et al., 2010) , suggesting that these control mechanisms may not be perfect. As has previously been pointed out (Haig & Bergstrom, 1995) , the risk for meiotic drive alleles to invade is likely to be higher under conditions of low sperm competition (i.e. when interactions generally occur between related sperm). One reason for this is that driving alleles are often associated with reduced fertility (Joseph & Kirkpatrick, 2004) , which leads to selection against them under conditions of high sperm competition (actually a proposed reason for multiple mating in females: Price et al., 2008; Manser et al., 2011) and another is that the presence or absence of sperm from another male strongly affects how likely related sperm are to have cooperative versus competitive interactions (Haig & Bergstrom, 1995; Pizzari & Foster, 2008) . Thus low sperm competition following an evolutionary period of high sperm competition may be particularly likely to lead to the invasion of meiotic drive alleles, as restorer alleles may have been lost from the population. Low sperm competition may thus not only lead to relaxed selection on sperm production, but also to positive selection on dealing with more intense genomic conflict.
Variable and fluctuating selection pressure on testicular function may also affect the ability to control a second important source of intragenomic conflict linked to mutation, namely the activity of transposable elements (TEs). It is now well established that TEs tend to be primarily active during different phases of germ-line formation and spermatogenesis (and also oogenesis) (Werren, 2011; Bao & Yan, 2012; Wedell, 2013) , likely as a result of two main processes. Firstly, there is widespread reprogramming of TE-silencing epigenetic marks during the proliferation of the primordial germ cells (Werren, 2011; Bao & Yan, 2012) , which could affect the number of mutations initially seeded into spermatogonia (and mutations that occur at this stage may also be important for tissue architecture: . Secondly, recombination and repackaging of DNA from histones to protamines during meiosis opens up the possibility for TEs that usually reside in highly condensed DNA regions to be released (Bao & Yan, 2012) . Both of these phases involve complex molecular mechanisms that regulate re-methylation and control of TE activity, often involving highly complex timing of gene regulation (Bao & Yan, 2012) . It seems likely that strong selection on altering sperm output (e.g. via mitotic expansion) and/or sperm morphology (e.g. via sperm elongation) may lead to shifts in the timing of these processes, potentially leading to loss of control over TE activity.
VI. OUTLOOK
We have illustrated how post-mating sexual selection could, and indeed does, shape multiple aspects of spermatogenesis besides relative testis size. Several other approaches in evolutionary biology that we have not touched on here could also shed new light on the evolutionary ecology of testicular function. Quantitative genetics can uncover genetic constraints on the evolution of sperm and other sexually selected traits (Moore et al., 2004; Birkhead et al., 2005; Simmons & Moore, 2009; Evans, 2010) , and molecular evolutionary studies can provide revealing insights into how the genes underpinning reproductive traits evolve (Swanson & Vacquier, 2002; Turner & Hoekstra, 2008) . For example, we have already seen that a key parameter in Drosophila spermatogenesis is the timing of the switch from mitosis to meiosis. Some of the genes implicated in this switch display an excess of nonsynonymous substitutions in specific Drosophila lineages (Civetta et al., 2006; Bauer DuMont et al., 2007) and it will be of great interest to establish whether these or additional molecular differences among species can account for divergence in testicular architecture (Schärer et al., 2008) . With the increasing availability of molecular data, we can expect such attempts to link genotypic and phenotypic variation will become a major focus of sperm competition research.
A potentially powerful technique not yet brought to bear directly on the process of spermatogenesis is that of experimental evolution (Garland & Rose, 2009) . Multiple studies in insects have observed differences in testis size among males from lines evolving under differing levels of sperm competition (see Section I.1) and coevolution of sperm morphology with female reproductive tract morphology (Miller & Pitnick, 2002) , but there have been no detailed investigations with respect to the consequences of these experiments for aspects of testicular machinery beyond gross testis size. Also, given that we have identified a number of processes that may affect the proper function of the testis, we suggest that more emphasis should be placed on reporting 'odd' or 'unusual' testicular phenotypes resulting from artificial selection or experimental evolution studies that select for either higher or lower sperm production. Moreover, such phenotypes should also be reported more often in both laboratory and field studies to understand better the patterns of failure of testicular function. In concert with technological advances in genomics and transcriptomics, such approaches could be a powerful means to address the coevolution of different aspects of testicular function that determine the number and morphology of sperm produced.
Finally, we wish to acknowledge that although we have attempted a broad survey, there are undoubtedly many relevant aspects of testicular function that we have not touched upon. In part this results from space constraints, but our own background and research interests also mean that we have approached the subject very much from an evolutionary perspective and so there could be a considerable amount of highly relevant data in the reproductive biology literature of which we are currently unaware, but that could nevertheless be brought to bear on, and be informed by, the ideas we have presented here. Moreover, a further limitation is that many of those ideas have been sketched only in verbal form, and we see considerable scope for future theoretical modelling in order to test their plausibility and make clearer predictions. Our hope therefore is that this review might also act as a stimulus towards greater interaction between evolutionary, reproductive and theoretical biologists on this important topic.
VII. CONCLUSIONS
(1) Our aim in this review has been to highlight how the traditional 'black box' view of testicular function adopted by evolutionary biologists has come to limit our progress in understanding how this organ evolves. Just as variation in gross brain size gives a valid but only partial view of the biological basis of intelligence (McDaniel, 2005; Narr et al., 2007; Luders et al., 2008) , so focussing entirely on variation in gross testis size risks ignoring other potentially adaptive features of testicular function relevant to male reproductive fitness.
(2) The studies we have cited clearly demonstrate that post-mating sexual selection can be a powerful selective pressure acting on multiple aspects of testicular function, and they highlight the need to consider more explicitly the biology of spermatogenesis.
(3) There are several ways in which the testis can adjust sperm output other than by changing gross testis size, for example via increasing the proportion of spermatogenic tissue it contains, and there is now abundant evidence that these parameters can be adjusted according to the prevailing environmental conditions over both evolutionary and ecological timescales.
(4) A key determinant of testicular function will be the kind of sperm the testis has been selected to produce, and we have documented the accumulating evidence that spermatogenesis and testicular function is strongly shaped by sperm morphology.
(5) Sperm production schedules can vary substantially, reflecting the various ways in which the life history and ecological parameters of a given species affect the temporal requirements for sperm production, with important consequences for testicular function.
(6) The testis is subject to strong and fluctuating selection pressures, which again affects the evolution of testicular function, and is highly relevant to understanding phenomena such as proliferation-induced mutation and intragenomic conflict.
(7) In setting out these various known and hypothesised effects on testicular function, we hope to have established a framework for studying how selection acting on sperm numbers, sperm morphology and sperm production schedules all combine to affect the evolution of spermatogenesis, the most fundamental of male reproductive traits.
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